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i The idea that the vacuum polarization process occurring during gravitational col- 

lapse to a black hole endowed with electromagnetic structure (EMBH) could be 
the origin of gamma ray bursts (GRBs) is further developed. EMBHs in the range 
3.2 - 10 6 solar masses are considered. The formation of such an EMBH, the ex- 



Oh- 



traction of its mass-energy by reversible transformations and the expansion of the 



CO 



pair-electromagnetic pulse (PEM pulse) are all examined within general relativity. 
The PEM pulse is shown to accelerate particles to speeds with Lorentz gamma 
factors way beyond any existing experiment on Earth. Details of the expected 
burst structures and other observable properties are examined. 
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■ The Kerr- Newman mathematical solution of the Einstein-Maxwell equations, 
' whose metric isEl 

q ■ ds 2 ^ Y.A- 1 d^+Y.d^+T,- 1 sin 2 d[adt- (r 2 + a 2 ) dip] 2 — XT 1 A [dt - a sin 2 ddep] 2 , 

ON! 1 (1) 

■ where 

A = r 2 - 2Mr + Q 2 + a 2 , £ = r 2 + a 2 cos 2 § , (2) 

has been one of the most powerful theoretical tools for probing spacetime structure 

■ by relating the concepts of mass M, charge Q and angular momentum L, with 
^ [ a = L/M, within a relativistic field theory. This quantities have been expressed in 

geometrical units (see e.g. Ruffini in Ref. ||). The aim of this talk is to show how 
this metric is currently becoming the fundamental theoretical tool for explaining 

■ the most energetic events ever discovered in our universe: the gamma ray bursts 
(GRBS). Essential for doing this is to consider the quantum vacuum polarization 
process in a Kerr-Newmann geometry and relate it to the reversible transformations 
of the black hole and to its mass-energy formula. This leads us to believe that in 
these events we are witnessing energy extraction from a black hole for the first time. 
We will take a somewhat historical approach to recover the "crescendo" of this field 
of research and recollect some of the most crucial moments which are making this 
discovery possible. 

1 Early steps in the study of black holes 

With the discovery of pulsars and of the pulsar in the Crab Nebula in particular, 
the year 1968 can be considered the birth date of relativistic astrophysics. The 
observation of the period and the slow-down rate of the Crab pulsar unequivocally 
identified the first neutron star in the galaxy and showed that the energy source of 
pulsars is just the rotational energy of a neutron star. 
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Figure 1. "Effective potential" around a Kerr black hole, see Ruffini and Wheeler 1971. 

At the time I was in Princeton as a postdoctoral fellow in the group of John 
A. Wheeler, then as a member of the Institute for Advanced Study, and later 
as an assistant professor at the university. The excitement over the neutron star 
discovery boldly led us to explore the paper by Robert Oppenheimer and Snyder 
"on continued gravitational contraction" B this opened up a new field of research to 
which I have dedicated the remainder of my life and it is still producing important 
results today. An "effective potential" technique had been used by Carl St0rmer in 
the 1930s in studying the trajectories of cosmic rays in the Earth's magnetic field 
(St0rmer 1934) .□ In the fall of 1967 Brandon Carter visited Princeton and presented 
his remarkable mathematical work leading to the separability of the Hamilton- 
Jacobi equations for the trajectories of charged particles in the field of a Kerr- 
Newmann geometry (Carter 1968). H This visit had a profound impact on our 
small group. It was Johnny Wheeler's idea to exploit the analogy between the 
trajectories of cosmic rays and the spacetime trajectories of charged particles in 
general relativity, using the St0rmer "effective potential" technique in order to 
obtain physical consequences from Carter's set of first order differential equations. 
I remember the excitement of preparing the 2m x 2m grid plot of the effective 
potential for particles around a Kerr black, hole which finally appeared later in 
print (Rees, Ruffini and Wheeler 1973, 1974Q); see Fig. (g). 

Out of this work came the celebrated result for the maximum binding energy 
1 — ~ 42% for corotating orbits and 1 — ^= ~ 3.78% for counter-rotating or- 
bits in the Kerr geometry. We were pleased to be later associated with Brandon 
Carter in a "gold medal" award for this work presented by Yevgeny Lifshitz: in the 
fourth and last edition of volume 2 of the Landau and Lifshitz series ( The Classi- 
cal Theory of Fields, 1975), both Brandon's work and my own work with Wheeler 
were proposed as named exercises for bright- students! In the article "Introducing 
the Black Hole" (Ruffini and Wheeler 1971)0 we proposed the famous "uniqueness 
theorem" stating that black holes can only be characterized by their mass-energy 
E, charge Q and angular momentum L. This analogy between a black hole and 
a very elementary physical system was imaginatively represented by Johnny in a 
very unconventional figure in which TV sets, bread, flowers and other objects lose 
their characteristic features and merge in the process of gravitational collapse into 
the three fundamental parameters of a black hole, see Fig. 0. That picture became 
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Figure 2. The black hole uniqueness theorem. 



the object of a great deal of lighthearted discussion in the physics community. A 
proof of this uniqueness theorem, satisfactory for some cases of astrophysical inter- 
est, has been obtained after twentiz. five years of meticulous mathematical work (see 
e.g., Regge and Wheeler,! ZerilliJ§H Teukolskyjld C.H. Leeji3 ChandrasekharEl) . 
However, a rigorous proof still presents some outstanding technical difficulties in 
its most general form. Possibly some progress will be reached in the near future 
with the help of computer algebraic manipulation techniques to overcome the ex- 
tremely difficult mathematical calculations (see e.g., Cruciani (1999)JiJ Cherub mi 
and Ruffini (2000),Q Bini et al. (2001),@ Bini et al. (2001)0). 

This ansatz, which at first appeared to be almost trivial, has shown itself to be 
one of the most difficult to be proved, unsurpassed in difficulty both in mathematical 
physics and relativistic field theories. I am convinced that the mathematical tools 
developed in order to prove this uniqueness theorem will have profound implications 
for understanding fundamental laws of physics. 

2 Prom "dead" to "live" black holes 

We were still under the sobering effects of the pulsar discovery and the explanation 
by T. Gold and A. Finzi that the rotational energy of the neutron star had to be the 
energy source of pulsars when the first meeting of the_European Physical Society 
took place in Florence in 1969. There Roger Penrosdla advanced the possibility 
that, much like in the case of pulsars, the rotational energy of black holes could 
also be extracted in principle. 

The first specific example of such an energy extraction process by a gedanken 
experiment was given using—the above-mentioned effective potential technique in 
Ruffini-and Wheeler (1970) JH3 see Figure (^), and then later by Floyd and Penrose 
(1971)0 The reason for showing this figure here is threefold: a) to recall the 
first explicit computation and b) to recall the introduction of the "ergosphere" , the 
region between the horizon of a Kerr-Newmann metric and the surface of infinite 
redshift were the energy extraction process can occur, and also c) to emphasize how 
contrived but also conceptually novel such an energy-extraction mechanism can be. 
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ERGOSPHERE OF 
AM EXTREME KERR HOLE 




Figure 3. Decay of a particle of rest-plus-kinetic energy E a into a particle which is captured by 
the black hole with positive energy as judged locally, but negative energy E\ as judged from 
infinity, together with a particle of rcst-plus-kinetic energy E2 > E which escapes to infinity. 
The cross-hatched curves give the effective potential (gravitational plus centrifugal) defined by 
the solution E of Eip-62) for constant values of and fi. (Figure and caption reproduced from 
Christodoulou 1970,t3 in turn reproduced before its original publication in Ref. M with the kind 
permission of Ruffini and Wheeler.) 



It is a phenomenon which is not localized at a point but which occurs in an entire 
region: a global effect which relies essentially on the concept of a field. It only 
works for very special parameters and is in general associated with a reduction of 
the rest mass of the particle involved in the process. It is almost trivial to slow down 
the rotation of a black hole and increase its horizon size by accretion of counter- 
rotating particles, but it is extremely difficult to extract the rotational energy from 
a black hole by a slow-down process, as pointed out by the example in Fig. (||). 
The establishment of this analogy offered us the opportunity to appreciate even 
more the profound difference between seemingly similar effects in general relativity 
and classical field theories. In addition to the existence of totally new phenomena, 
like the dragging of inertial frames around a rotating black hole for example, we 
had the first glimpse of an entirely new field of theoretical physics present in and 
implied by the field equations of general relativity. The deep discussions of these 
problems with Demetrios Christodoulou, who was a 17 year old Princeton student 
at the time, my first graduate student, led us to the discovery of the existence in 
black hole physics of the "reversible and irreversible transformations." 

It was in fact by analyzing the capture of test particles by a black hole endowed 
with electromagnetic structure, for short an EMBH, that we identified a set of 
limiting transformations which did not affect the surface area of an EMBH. These 
special transformations had to be performed very slowly, with a limiting value of 
zero kinetic energy on the horizon of the EMBH, see Fig. [|. It became clear that 
the total energy of an EMBH could in principle be expressed as a "rest energy," 
a "Coulomb energy" and a "rotational energy." The rest energy is "irreducible" , 
the other two being submitted to positive and negative variations, corresponding 
respectively to processes of addition and subtraction, namely extraction, of energy. 

While Wheeler was mainly attracted by the thermodynamics analogy, I ad- 
dressed with Demetrios the issue of the energetics of EMBHs using the tools of 
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Figure 4. Reversing the effect of having added to the black hole one particle (A) by adding another 
particle (B) of the same rest mass but opposite angular momentum and charge in a "positive-root 
negative-energy state" . Addition of B is equivalent to subtraction of B~ . Thus the combined 
effect of the capture of particles A and B is an increase in the mass of the black hole given by the 
vector B~ A. This vector vanishes and reversibility is achieved when and only when the separation 
between positive root states and negative root states is zero, in Y^J' cn case the hyperbolas coalesce 
to a straight line. Reproduced from Christodoulou and Ruffini.Ea 



reversible and irreversible transformations. We obtained the mass-energy formula 
for black holes (Christodoulou and Ruffini 1971) £3 

E , = MV = U, iC , + f)\£5l, (3) 

V 2 p+ ) p+ 

S = Anpl = 4. (rl + = 16. (^) M? r , (4) 

with 

^(^)(Q 4 + 4iV)<l, (5) 

where M- lT is the irreducible mass, S is the horizon surface area, and extreme black 
holes satisfy the equality in eq. (|j|). Here, for reasons which will become clear 
in the following, I express the mass-energy formula using r+, the horizon radius, 
and p+ , the quasi-spheroidal cylindrical coordinate of the horizon evaluated at the 
equatorial plane, defined by Eq. (^). For convenience here and in the following 
I use c.g.s units. Although the mass-energy formula has been obtained using test 
particles in a "gedanken process," its validity is clearly general and does not depend 
on the particular "gedanken process" used for its determination. 

The crucial point is that transformations at constant surface area of the black 
hole, namely reversible transformations, can release an energy up to 29% of the 
mass-energy of an extremely rotating black hole and up to 50% of the mass-energy 
of an extremely magnetized and charged black hole. Since my Les Houches lectures 
"On the energetics of black holes" (B.C. De Witt 1973),CJ I introduced the concepts 
of "live" black holes, endowed with mass-energy, rotation and angular momentum 



mg9remo: submitted to World Scientific on February 2, 2008 



and "dead" black holes characterized by their masses alone: one of my main research 
goals since then has been to identify an astrophysical setting where the extractable 
mass-energy of the black hole could manifest itself. As we will see in the following, 
I propose that this extractable energy of an EMBH is the energy source of gamma 
ray bursts (GRBs). 

3 The paradigm for the identification of the first "black hole" in 
our galaxy and the development of X-ray astronomy. 

The launch of the "Uhuru" satellite by the group directed by R. Giacconi, ded- 
icated to the first examination of the universe in X-rays, marked a fundamental 
leap forward and generated a tremendous momentum in the field of relativistic 
astrophysics. The very fortunate collaboration soon established with simultane- 
ous observations in the optical and radio wavelengths generated high quality data 
on binary star systems composed of a normal star being stripped of matter by a 
compact massive companion star: either a neutron star or a black hole. 

The "maximum mass of a neutron star" was the subject of the thesis of C. 
Rhoades, my second graduate student at Princeton. A criteria was found there 
to overcome fundamental unknowns about the behavior of matter at supranuclear 
densities by establishing an absolute upper limit to the neutron star mass based 
only on general relativity, causality and the behavior of matter at nuclear and 
subnuclear densities (Rhoades and Ruffini 1974) .Ej 

The three essential components in establishing the paradigm fox the identifica- 
tion of the first black hole in Cygnus XI (Leach and Ruffini 1973)Ej were 

• the "black hole uniqueness theorem," implying the axial symmetry of the con- 
figuration and the absence of regular pulsations from black holes, 

• the "effective potential technique," determining the efficiency of the energy 
emission in the accretion process, and 

• the "upper limit on the maximum mass of a neutron star," discriminating 
between an unmagnetized neutron star and a black hole. 

I also presented these results in a widely attended session chaired by Johnny at 
the 1972 Texas Symposium in New York, extensively reported on by the New York 
Times. The New York Academy of Sciences which hosted the symposium had just 
awarded me their Cressy Morrison Award for my work on neutron stars and black 
holes. Much to their dismay I never wrote the paper for the proceedings since it 
coincided with the one submitted for publication (Leach and Ruffini 1973) H3 

The definition of the paradigm did not come easily but slowly matured after in- 
numerable discussions with R. Giacconi and H. Gursky and was finally summarized 
in the splendid occasion of my talk at the Sixteenth Solvay Conference on Astro- 
physics and Gravitaion held at the University of Bruxelles in September 197323 and 
in two books: (Gursky and Ruffini 1975)E3 and (Giacconi and Ruffini 1978) a These 
results were important in identifying the first black hole in our galaxy: Cygnus XI. 
The energy source of these binaries was also totally new: the energy released due 
to the increase of the numerical value of the gravitational binding energy of the 
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matter accreting onto a neutron star or into a black hole. In this accretion process 
the black hole had a passive role just creating the deep potential well in order to 
release the observed X-ray flux, but not yet the active role connected with an energy 
extraction process from the black hole. All this paved the way to the goal I was 
constantly pursuing of identifying an astrophysical process to access the extractable 
energy of a black hole. 



4 The Heisenberg-Euler critical capacitor and vacuum polarization 
around a macroscopic black hole 

In 1975, following the work on the energetics of black holes (Xjhristodoulou and 
Ruffini 1971),l3 we pointed out (Damour and Ruffini, 1975)E3 the existence of 
the vacuum_Dolarization process a' la Hcisenberg-Euler-Schwinger (Heisenberg and 
Euler 1935 J23 Schwinger 195lE2l) around black holes endowed with electromagnetic 
structure (EMBHs). This work matured trough two very pleasant circumstances: 
1) the leasurely discussions I had with Werner Heisenberg on this subject in Munich, 
Washington and Stanford, and 2) the coming to Princeton from Paris of Thibault 
Damour, with all his splendid mathematical craftmanship, in order to prepare his 
thesis under my supervision. With Thibault we proved that such vacuum polar- 
ization process can only occur for EMBHs of mass smaller then 7.2 • 10 6 M©. The 
basic energetics_implications were contained in Table 1 of that paper (Damour and 
Ruffini, 1975), cB where it was also shown that this process is almost reversible in 
the sense introduced by Christodoulou and Ruffini (1971)Ej and that it extracts the 
mass energy of an EMBH very efficiently. We also pointed out that this vacuum 
polarization process around an EMBH offered a natural mechanism for explaining 
the GRBs, just discovered at the time. However, our mechanism had a most pecu- 
liar prediction: the characteristic energetics of the burst should be of ~ 10 54 ergs, 
see Fig. |5[ However, nothing at the time was known about either the distances or 
the energetics of GRBs. For details see Ruffini in Ref. § 

It is-appropriate to remark that the process of vacuum polarization considered 
in Ref.Ea is profoundly different from the Hawking process. We recall that the 
Hawking radiation temperature T, time scale r and flux $ are given respectively 
by: 

T ^0.62xlO- 7 ^K, ^^^ 2xl ° 63 (l^) 3 y ears ' (6) 
* = § -10- 22 (^) 2 erg/s. 

For M — IOA/q we would obtain: 

dE 

T~6.2xl(T 9 K, r~ 10 66 years, — ~ 10" 24 erg/s . (7) 

5 Three "happenings" related to GRBs 

The case of gamma ray bursts is very intriguing for me personally. There have been 
moments in my life which appear to have been intertwined with some of the events 
that are leading to the understanding of such extremely unique phenomena. Each 
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Heisenberg, Euler, 1935 Schwinger, 1951 
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E=^-; Z c ~^~137; A^^-IO" 18 . 
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Damour & Ruffini 1974, "... naturally leads to a most simple model for the explanation of 
the recently discovered y-rays bursts" 

Kerr-Newmann black hole (M, Q,a = L/M), with a 2 + Q 2 < M - 
E = QT.~ 2 (r 2 - a 2 cos 2 &) B = Qir 2 2arcosi) I = r 2 + a 2 cos 2 z? 

Vacuum polarization process occurs if 2>.2Mq < M BH < 7.2- 1O 6 M0 

Maximum energy extractable 1.8- 10 54 (M bi /Mq) ergs 



Figure 5. Summary of the EMBH vacuum polarization process. See Damour & Ruffini (1975)0 
for details. 



scientific contribution I have made and even apparently occasional occurrences in 
my life, seemingly disconnected, appear to acquire a special meaning in reaching 
an understanding of such phenomena. 

The first of such happenings was the collaboration with John Wheeler started at 
Princeton in 1967 and with Yakov Borisovich Zel'dovich started in 1968 in Moscow. 
Both these scientists were the founders of research in relativistic astrophysics in 
their countries. But both of them played a key role in the nuclear arms race in 
the USA and Soviet Union respectively, before addressing their attention to the 
implications of Einstein's theory for astrophysics. Johnny Wheeler was a leader 
in the project which exploded the first American H-bomb. Ya. B. Zeldovich, after 
having contributed to the defense of his country with the invention of the Katiuscia 
rockets, had developed the Soviet atomic and H-bombs with Andrej Sakahrov. He 
had also proposed a most unusual and repelling project: to have an H-bomb explode 
on the far side of the moon to demonstrate simultaneously the "maturity" of the 
nuclear and space technology reached by the Soviet Union in the early sixties. 

The second happening occurred in 1975. H. Gursky and myself had been invited 
by the AAAS to organize a session on neutron stars, black holes and binary 
ray sources for their annual meeting in San Francisco, Gursky & Ruffini (1975). I 
During the preparation of the meeting we heard that some observations made by 
the military Vela satellites, developed to monitor the Limited Test Ban Treaty of 
1963 banning atomic bomb explosions, had just been unclassified. Undoubtedly the 
unorthodox proposal of Zel'dovich had been among the motivations for developing 
such a grandiose military monitoring system. We asked Ian B. Strong to report on 
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COSMIC GAMMA-KAY BURSTS 
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Figure 6. One of |fche first GRBs observed by the Vela satellite. Reproduced from Strong in Gursky 
& Ruffini (1975).E3 



these just observed-released gamma ray bursts (GRBs) for the first time in a public 
meeting (Strong 1975) £3 see Fig. ||. 

It was clear from the earliest observations that these signals were not coming 
either from the Earth or the planetary system. By 1991 a great improvement 
in knowledge of the distribution of the GRBs came with the NASA launch of 
the Compton Gamma Ray Observatory, which in ten years of observations gave 
beautiful evidence for the perfect isotropy of the angular distribution of the GRB 
sources in the sky, see Fig. (?]. The sources had to either be at cosmological distances 
or very close to the solar system in order not to reflect the anisotropic galactic 
distribution. 

The third happening occurred in 1989 when I was elected president of the sci- 
entific committee of the Italian Space Agency (ASI) and the committee found itself 
involved with the scrutiny of the first Italian scientific satellite: the SAX satellite. 
The project was a collaboration between Italy and the Netherlands: The total es- 
timated cost was roughly 50 million US dollars, fairly shared by the two partners: 
roughly 25 million from Italy and 25 million from the Netherlands. The satellite 
was supposed to fly in 1985. The program had already been delayed four years by 
the time our scrutiny started. The costs had correspondingly skyrocketed to almost 
250 million US dollars, "fairly" shared by the partners: roughly 225 million from 
Italy and 25 from the Netherlands... The real moment of panic in the ASI scientific 
committee came when we learned that the Dutch had run out of money! They 
could not afford to pay for the wide field X-ray cameras that they were supposed to 
contribute. The scientific committee decided to intervene offering to pay roughly 
six million US dollars from the limited budget of our committee in order to avoid 
any further delay and especially to avoid the loss of one of the crucial instruments 
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Figure 7. Angular distribution of GRBs in galactic coordinates from the Compton GRO satellite. 



of the scientific mission. As the delays were augmenting and the expenses of the 
mission were correspondingly "skyrocketing" further, the ambiance soon deterio- 
rated to inadmissible pressures. Before quitting ASI I insisted on the imperative to 
accomplish the mission no matter what. The satellite was finally launched in 1996 
at a cost still unknown today. Months after the launch three of the four gyroscopes 
failed adding difficulties for an effective pointing capability. 

In spite of all that, thanks also to the determined action of a small number of 
dedicated young physicists educated at "La Sapienza" (First University of Rome) 
who had joined the Milano-Palcrmo based original team, the newly named Beppo- 
SAX satellite was able to conclude one of the most successful scientific missions 
ever in astronomy and astrophysics. By using the wide field X-ray cameras very 
effectively, they discovered the afterglows of the GRBs, which in turn have allowed 
the optical identification of the sources and the determination of their cosmological 
nature,Eil implying for the GRB sources an energetic typically of 10 54 ergs/pulsc. 
This is exactly the.-ane which was the characteristic feature predicted in Damour 
and Ruffini (1975). E3 I am also happy to see that the completion of the wide field 
X-ray camera has been essential to the identification of the afterglow and that the 
many imperatives to conclude the mission have lead to a successful epilogue. 

Thinking about this past situation with hindsight, I have reached a rather un- 
orthodox conclusion: if SAX had flown on time in 1985 and possibly within its 
planned budget, it would have been a managerial success and quite a savings for 
the Italian treasury, but very likely not a scientific success. The reason is that 
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in 1985 neither the Space Telescope nor the very large telescopes like KECK and 
VLT, which have been essential for the optical identification of the GRBs and the 
establishment of their cosmological distances, were functioning. Of course I do not 
want to make propaganda in favor of wrongdoing, but it appears as if a tremen- 
dous force directs human actions not only by exploiting great scientific ideas but by 
making use as well of not so effective management in order to reach an important 
final scientific goal! 

While the expenditures on Beppo-SAX were "skyrocketing" , equally increasing 
exponentially were the numbers of competing theories trying to explain GRBs. See 
a partial list in Fig. ||. The observations of the Beppo-SAX satellite had a very 
sobering effect on the theoretical developments for GRB models. Almost all of the 
existing theories (see above partial list) were at once wiped out, not being able to 
fit the stringent energetics requirements imposed by the observations. 

Particularly constrained by the observations were models based on the Hawking 
radiation process (see Tab. [l]): these show probably the largest discrepancies be- 
tween a theoretical prediction and an observed phenomena ever recorded in human 
history. 

6 A new paradigm for the EMBH formation 

The enormous energy requirements of GRBs evidenced by the Beppxt-SAX satellite, 
very similar to the ones predicted in Damour & Ruffini (1975)p3 convinced us 
to return to our earlier work in studying more accurately the process of vacuum 
polarization and the region of pair creation around an EMBH. 

In our theoretical approach, we claim that through the observations of GRBs we 
arc witnessing the formation of an EMBH and therefore arc following the process of 
gravitational collapse in real time. Even more importantly, the tremendous energies 
involved in the energetics of these sources have their origin in the extractable energy 
of black holes given in Eqs. (l)-(3) above. 

Various models have been proposed in order to extract the rotational energy of 
black holes byjirocesses of relativistic magnetohydrodynamics (see e.g., Ruffini and 
Wilson (1975)E3). It should be expected, however, that these processes are relevant 
over the long time scales characteristic of accretion processes. In the present case 
of gamma ray bursts a sudden mechanism appears to be at work on time scales of 
the order of few seconds or shorter and they are naturally explained by the vacuum 
polarization process introduced in Damour & Ruffini (1975). c3 

Although our major effort has been directed towards discovering the conse- 
quences of our model for the observed properties of GRBs starting from an already 
existing EMBH, some attention has been given to the issue of how an EMBH can in 
fact originate. Such a problem has been debated from many years since the earliest 
discussions in 1970 in Princeton. Here I would like to propose a clarification and a 
change of paradigm. 

All considerations on the electric charge of stars have been traditionally directed 
toward the presence of a net charge on_the star surface in a steady state condition, 
from tip. classic work by ShvartsmarEil all the way to the fundamental book by 
Punsly.Ej The charge separation can occur in stars endowed with rotation and 



mg9remo: submitted to World Scientific on February 2, 2008 11 



Model Author 



2wsJ<r 



H«-|.tjr g| a! 

SHE 

Cdjnmygasn 



[ImrnJiolii II 
M.OSI 



:.! V.. i- „ at 

Rappapori al al 
iAjtkmov ai 41 

friiwmrr n ai 



Rudafrrutn n aJ 
Piny-** 



Voii Rat«iuno» 



:..-< 

WW **J. *«7.4M 

»B7J -. .1 _ . Jij. PS70 

ia?> bum 

147] ApJ. 1H ntr 

1B73 Nimr.. Iie.PSH 

1B73 Nawi. ?>6. P3S2 

1B7J NaUr*. 0*4 f>SU 

is?* Apass, H tn 

137* AipJ. tH7. L» 

UN AnJ, 1BJ. L97 

IB7* SmAieon ifi, 3M 

ibt* SwAison. it 

1B74 AptSS. 3J, B 

IS7J Ap4SS.35, 33 

1B74 Ap*SS.35. » 

197* Nmit ; ! n ;:<! 

ifl/4 Kauri. JSi.soo 

I07i AAA. 44. Jl 

IB74, AW. 1B3.L76 

1B7» AMSS. 34. in 

1iT» Ap»SS. 35, 321 

iers ?u. 

mt ab*ss.«ij7 

ifi'E ADlSS.al.B3 

ICS AoJ.JOa.1B9 

1970 Na.ua. 263, 101 

1977 ApJ. 217. 1H7 

iSI7 AoJ.lH.26a 

IM Ap-eS5.63.S17 

IBM AtA.B7.Z24 

iSSO AtA.B7.JJi 

MSI A04SS.7S.I3J 

■mo aw, 2*s. aiH 

>Ht Naua. ?b: v22 

IBBI Ap&SS 77 *S9 



iHfl3 11V747 

maj UMCU.E -on 

iki >uu i ,k7,k: 

11*5? AsSSS BS 455 

1M9 ApJ.26i.L>i 

15B3 Ifanm.aoi, «ai 

1BB3 AptSS. at ttJ 

159. SovAiron. M B? 

1BB3 ABA. l2t. 101 

IBM AAA. 1 Jt). 369 

IS*" A(A.iM,lB 

IGAJ Aft). 200. 721 

1M4 AtU.JS.L2i 

IBB. h>v*. 310 121 

ISO* ApASS. ioi.24* 

tsss *pj. m.Bss 

IBCIS W.NHAK JiJ.iii 

ICO* *p«55. i(K, iW 

1BB1 IcliS 'lif :8; 

I38S ApJ SOU. it 

1M1 Nan*a.3i4.!.J 



1,143 



Aflj, aie. us 

Kauri. 3-27. 39S 
'.«■,*■■. !V 

asj. an. lbi 

ADJ. 33i.fleS 
ADJ. 335 306 
ApJ. 331 
IUWI MS. 234 
Mwi ue esa 
ArJ. J« ESB 



Man 2nd Plan Dasciipikw 
Body BaJy 



DISK 

HALO 
SOL 
015K 
DISK 
DISK 



bit irioct-i itollu' iu:Iaco ir O.LUnl ninaiy 

u SN •ww* eiifn. Cwrip Kai <i r-«M lunac* 
SuHat ueavBwi hem nr— i ~ - 
v> ..;-..: .!,... lira - -i : - V 

B*lacic N5 



Acaanon o 



mm 

IW1 liom luig 
noaawon oniD MS Srwn nar* in 
Awiw oi» BK Bom fU'* in 
MS cJui4 scniainH Bv animal CMWi aaeiipiLt. auUddst 
Ha:,i5«in.c iron Hull 51 art Jd-icanart iqUf laibatian 
Ii-k'bo ittlUi flatai on nauttt auri 
Cvmoi Irani iyiiwn'1 cteud *akn WD 
Comal Bom ayiiarn'i els-jo urliai NS 
ABuupbon of nauipno amiiaion Bom SN ■ 1 ■ - ... . . . . 

Tnamui imraw wtian tnaM tuu *ui« Bj- St. Uue* nra 



1. enann.no EBB faaJai 



Cvsw uj« W0 win man & tafcTpi 

: tnay In .nuclav! cl acma saiai> 
-- — . Brl4 comown lacunno 



DISK 
DISK 
DISK 
DISH 
(11 ■■K 



DISK 
MM 
DISK 
0I5K 
HALD 



DESK 
OISK 
DISK 
OlSK 
Disk 
C»9K 
QIS« 
HALO 



DISK 
DISK 

Disk 
disk 

DISK 

Disk 

HALO 

DISK 

DISK 
DISC 

DISK 



Biv Comp dtip wi ti 



a o< Iaii routini]. acuiuig BH 



Thami 



W»0 fl awig ol accial Ht. aim^l NS t»UiBt luddan acaawmr 
kiiiab-hrr >cpai«n one iMSrity rouine BH 

WO lu-4ica r.j bvrn caj n l avoncuptWfr Baitl 
W3 mrlac* nudaai iwn cauia 1 c*v'e'TOic*>f'ic lla/ac 
his vidroi.cxii hajai Dim B Ml r piodbjca, annihilna, i^nen enor 



'J5 c, 



ila cauiad pnata 
■"" " MB BBHtaiB 
WHO M< 



HE 



S m»j)na«)is'ifl 



A.to-ofll KiliNH, WalU Hi .... 

Atwaid anlara h!5 B Bald. O^aoont lo iiirlaca tollniom 
Mog'WIic racofmacifin ai h^.^paut* 
HS lUfat I«<t> p^e piaiir-j confiad V. US "> 
MBonatc laomnw aha. us turfaaa Ha . 
H* lunai luiMKay un MS o-poia ha4ium lake 
a- cuiiinr u>Er0"> H <b»^ tiajioari M« R al i, t ^ h-g 
R nducad cjrdb <ai «i imd abiap Bwng ini mv C Mat 
BB V axr Ccvnp tcaj honaf owiftnp ptaknu 
ISM fiariar aovn al »>S maonalD(uirt a tfvn n^j4*r.j- acctlai 
ItonaigloinD ceit<nm ol W0 nfcj mUknQ. cndino W& 
NS accrtlon (ram law mill br-J8Tf cqfioanion 
Nfaiuor^ iKh D i«m«riU Ie NS luilao with ouiika, n»o». B o fruon 
TnarnwuMu aialouon btiaMi H5 1 jijci 
MS iwki*! • i«»«n haavng ftald SOB oueuaoni 
3 i.akl tnniai"! mane on US cap ifcrr-ng hjiior> 
NS luitac* fait nuflman cajmi inu3 tmia B r«wnrwcion 
Ruimaji-I dish kniiapcm iniiaWWii ciuin MM4an acoauon 
RcsonDnl EM. abjoip during mnjrijK flj/ t giva] (nil linen * 1 
NS mapnal-c (aU> oat MuM lacomowia caat* <U<* 
SS miflrwioinMai* aiaicd o» aUiquaVa 
A«.il.ftri iAlllS(, balwarrt MS and dia. 
Old MS in Cslaciit -halo uHja'Don alaiquaVa 
Wait a f*>a tK iNW<U r uim Cammi« K.iin 

nam laiirfi of Tiaoncac mtKinoitiiim «it«b*iy 
HijpiLimiBt t-i UifflMaotBMnmaHilini.olHS 



KM 

era 

.1 

DQB 
£> ■ f- 

r.i 1 v. - 

COS 

pSm 



'iMl. cuolijiirif MS 
Fiari in trw maoniiownaia or NS 
Cos-™ CfiBi <»: ».7- opt mk (Mima OuitUa 
1 auo+maavf " — 



alaa a. ■ .tore, S 



elovo a^ounff HS c 
G-wav* 0<cD maAai. BL Lt 
fr'J os-aiiLei. Mm id fcvr 
a»> raf binary ^ , 



pijun soft aa^irvKiapaBlar. 
' «' J JC'» 40011 gaUif lana 1 
im can 01 maw. pWfBtH 



Mnolanov ai 

■Jinn II al 

^aefyraju 



nojmanat il 

iro^.* 1 " 

''"'*' ■' 
••1 1- • 



Mc&aan tt 
Cmi <■ a: 



1 ■ 147, IBS 
Aoj. MB M0 
ApJ. Hi. L7I 
AJ. SB, iJtA 
ApJ. 347, 1141 
ApJ. Si*. )1* 
ApBSS, 1 40. J6i 
MaMi.34C.iM 
PRL S3 15S0 

ApJ. ;<j 1 1 

ApJ. 341, — 



tBOO AUSS II 



I 12$ 



ASJ. 36.1.61? 

AcO. 363. ?ia 
ApJ 3M 34? 
Maw*, iai J33 
AoBSS. 17B. 217 
ApJ. 173. IBB 
ApJ. 3lB. BB2 
ArJ. 379 2W 



'SO J ApJ. *0». ipl 
ibfi! ApJ.M6.L7i 



!603 Uatr*. KT. 4.79 

1 BB2 APJ. 3S9 fll* 

ApJ.3BS.usi 

imj, Apj. ass, Lea 

IBB2 ApJ. 3B4.L33 

IMS AoJ. 410. 3IS 

IBB? MHRAS M7.79P 

1B82 UN HAS. 217. 7»C 

1B03 ApJ. 407. 680 

1093 ASA Sop. 07, 65 

IMS ASA Sup. B7_ fll 

ITO? ADJ.401,L5r 

1M3 ApJ. 40S. m 

1992 ApJ. 3BB r Las 

1697 MWHAS KB.. ilP 

1BB3 AtBBS. 760 151 

1VB3 AoJ. IDS. J.H 

1B90 MMRAS 762. 1037 



C'5 COW 



NS LfjK> 



us com 



DiSK 

Disk 

0I5K 



Dii-; 
l.nr.* 
DISK 
OSK 

QiK-L 
DtH 

f.w; 
COS 

HALO 
DtSA* 



COS 
COS 
HALO 
KALO 
COS 
COS 



DiH*l*M IrTtS OJ wfliia. '(jraj-" he 
MS - MS txnaiy n»nt«i cev^, 
C^t* in 1 Hunan acai Hu 20. 



_.^^^b?i«ii 



U primaiir 
M hqlbB KSi 



■1 gub 

1 magna ti j ad HS 



QeD m»( iitanani opacny <i MS iimcio'ori 
t-'S rnatnaiaioHi'ic piacrrj oielEilwni 
fiaammg o-" lacution naenury [rem mannani 
ta-ia-naiTir pan ptrouond^l pu'ui'a . _, 

tnmpion iramw(] «i «(rono MS iB*o»a»c BaM 
0« MS aCD-eisi Horn ISM. mrUca coil nueiau 
MS-MS eoMiiipn cauiai v co'sno"t u *n,a iuo«.Ed «nd 
Sunwina pi m(io«a™ Dasiq'ound pnoisni by lai a 1 
Vo^j «S oiilu pnouon in ewnOoftdouo 
Wr-.ii non lupainoiri gm iuiiuI burn ol Erneim Bom. IB07A 
MS 6' ^ald unMgnp minnvi laarevg. aectia'avaL ptaama 
AHbh tiiBi In im-VLHiiloim MS aimotcliaii ptu^i'iu pandas 

So- t Hilar ao:.««)n 3 wmr?.V 
" " iy bnan/a- 



Ml.'Oui' F. r.;.- 




MS eoatim y, , 

111:1 ... lai iiiMr.ii' 1 
t/D rnargai yiiUt GF)B 
No.mil iLa't i.saiiy «[iup!ao 6( gaJactie 
■WB CEJlasiat n (dim %S B-Batd brakai N 
Ohj MS aovai*4 Horn moi omi. H.T ■ 
NS - MS mwo*' D"*". ooicai, m.c* l^abil 
BH kS maigat flivtl PpiiSJlhw tPitk fliaMf 
i«WWBi aminion jipm A-QH JO 



S navi lo"Ob 10 y, ai dun Bin 



COS Allan wav 



DiSK Pwwdal 



COS So»n<* n fl Wo" Kir liar 



1 bf chouS til Mif| nlominll 
;,an Iron. mecAnad Ad" 



MS ISM COS 




IMC M&aco, 



DtljLUtntltp TaraLuiP ratonviil 

SMj^rMii NS acutlon uliici baamad ceolrngi ipai 
. ' ij. ■ L.rjf, (oalatcti iwaoal Nu »■■• 'a i-+n-.y 

Ni f.ilf r. mag r., i, ol ;.i,,i r el DIK SvlU' 

wS iouccuibT rudivUT.anrt atpta^ 0o»> SOSi and CHfil 

Sitw iwwuw isi aioeta. Km T, potucia Out unllkay 



Figure 8. Partial list of theories before the Beppo-SAX, from the talk presented at MGIXMM. i 



magnetic: field and surrounded by plasma, as in the case of Goldreich and Julian 



(1969) J 



in the case of absence of both magnetic field and rotation, the elec- 



trostatic processes can be related to the depth of the gravitational well, as in the 
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Table 1. Hawking radiation process versus GRB observations. 



For the correct value of the energetics Etot — 10A/q ~ 10 55 erg, we have: 



theoretical value 


observed value 


discrepancy 


T = 6.2- 10~ 9 K 


T ~ 10 8 K 


~ io- 17 


t = 10 73 sec 


r ~ 1 sec 


~ 10 73 


($r) = 10-24 er §/ sec 


(4f) ~ 10 54 erg/sec 


~ io- 78 



For the correct value of the time scale r ~ 1 sec, we have: 



theoretical value 


observed value 


discrepancy 


Etot =i 10" 24 A% ~ 10 30 erg 


Etot ~ 10 55 erg 


~ 10~ 25 


T = 10 17 K 


T ~ 10 8 K 


~ 10 9 


(4f) = 10 26 erg/sec 


(4f) ~ 10 54 erg/sec 


~ IO" 28 



For the correct value of the spectrum energy T = 10 K, we have: 



theoretical value 


observed value 


discrepancy 


Etot — 1O" 9 M ~ 10 45 erg 
r = 10 43 sec 
(w) =10" 4 erg/sec 


Etot Oi 10 55 erg 
t ~ lsec 
(^f) ~ 10 54 erg/sec 


~ io- 10 

~ 10 43 
~ IO" 58 



treatment of ShvartsmanEil However, in neither case is it possible to reach the 
condition of the overcritical field needed for pair creation. 

The basic new conceptual point is that GRBs are the most violent transient phe- 
nomenon occurring in the universe, so to realize the condition for their occurrence 
one must look at a transient phenomenon and I propose that this occurs during 
the most transient phenomenon possibly occurring in the life of a star: the moment 
of the gravitational collapse. The condition for the creation of the supercritical 
electromagnetic field required in the Damour and Ruffini work has to be achieved 
uniquely during the process of gravitational collapse which lasts less than ~ 30 
seconds for a mass of 10M Q and the relevant part of the process may be as short 
as 10 -2 or even 10 -3 seconds (see below). It is appropriate to consider a numerical 
example here (see Fig ^ where we have compared and contrasted the gravitational 
collapse of a star in two limiting cases in which its core of M — 3M and radius 
R = Rq is either endowed with rotation or with electromagnetic structure. The 
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Figure 9. Comparing and contrasting gravitational collapse to a neutron star and to a black hole 
for a star core endowed with rotation or electromagnetic structure. 



two possible outcomes of the process of gravitational collapse are considered: either 
a neutron star of radius of 10km or a black hole. 

In the case of rotation the core has been assumed to have a rotational period of 
~ 15 days. For such an initial configuration we have: 

E rot ~ 7 x 10- 12 E tot < \E grav \ ~6x lQ- 6 E tot < E bar ~ 4.4 x 10 5 cm. (8) 

In the collapse to a neutron star we have: 

E rot - 0.01E tot < \E grav \ ~ 0.1£ tot < £ bar ~ 4.4 x 10 5 cm. (9) 

The very large increase in the rotational energy is clearly due to the process of 
gravitational collapse: such a storage of rotational energy is the well known process 
explaining the pulsar phenomena. The collapse to a black hole has been estimated 
assuming the mass-energy formula (see Eqs.(@)— (^)). The overall energetics, for 
the chosen set of parameters, leads to a solution corresponding to an extreme black 
hole, for which in principle 29% of the energy is extractable. 

The similar process in the electromagnetic case starts from an initial neutral 
star with a magnetosphere oppositely charged from a core with 

= 0.1. (10) 



MVG 
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Let us first evaluate the amount of polarization needed in order to reach the 
above relativistic condition. Recalling that the charge to mass ratio of a pro- 
ton is q v j {m v \fG^ = 1.1 x 10 18 , it is enough to have an excess of one quantum 

of charge every 10 19 nucleons in the core of the collapsing star to obtain such an 
EMBH after the occurrence of the gravitational collapse. Physically this means 
that we are dealing with a process of charge segregation between the core and the 
outer part of the star which has the opposite sign of net charge in order to en- 
force the overall charge neutrality condition. We here emphasize the name "charge 
segregation" instead of the name "charge separation" in order to contrast a very 
mild charge surplus created in different parts of the star of one electron charge per 
10 19 nucleons, keeping the overall charge neutrality, from the much more extreme 
condition of charge separation in which all the charges of the atomic component of 
the star are separated. 
We then have: 

E cou ~ 6 x lQ- s E tot < \E grav \ ~ 6 x KT 6 £ fot < E bar ~ 4.4 x 10 5 cm. (11) 

In the collapse to the neutron star configuration we have: 

E cou ~ O.QOlEtot < \E grav \ ~ 0.1E tot < E bar ~ 4.4 x 10 5 cm . (12) 

Once again, the amplification of the electromagnetic energy is due to the process 
of gravitational collapse. Again, assuming Eqs.(||)-(||), the collapse to a black hole 
for the chosen set of parameters leads to: 

M irr = 0.9975£ tot , E cou = 2.5 x l(T 3 £ tot . (13) 

It is during such a process of gravitational collapse to an EMBH black hole that 
the over critical field is reached. 

The process of charge segregation between the inner core and the oppositely 
charged outer shell is likely due to the combined effects of rotation and magnetic 
fields in the earliest phases of the gravitational collapse of the progenitor star. 

It is interesting that the two numerical examples given in Fig. ^| point to an 
underlying theorem: A necessary condition for the occurrence of gravitational col- 
lapse as well as for the existence of a stellar equilibrium configuration or of an 
EMBH is that the numerical value of the gravitational energy be larger than the 
electromagnetic energy and/or the rotational energy. 

In conclusion, the general collapse process involves three distinct moments: 

1. The charge segregation in the progenitor star in the earliest phases of the 
gravitational collapse. We expect that this process of charge segregation occurs 
for rds < r < Rqi where r<2 S is the "dyadosphere" radius where the process of 
vacuum polarization occurs (see next section). 

2. The process of amplification of the electric field due to the gravitational collapse 
leading to overcritical fields and occurring for r < r<j s . 

3. The latest phases of gravitational collapse to a Kerr-Newman spacetime leading 
to complex phenomena of "gravitaticpally induced electromagnetic radiation" 
(see e.g. M. Johnston et al. 1973EZI) and of "electromagnetically induced 
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gravitational radiation" (see e.g. M. Johnston et al. 1974E3) will tend to 
reduce both the eccentricity and the angular velocity of the collapsing core. 

In this very large theoretical program we have decided to invest in the "core" 
process leading to the occurrence of GRBs. In this sense in our analysis we have 
focused on point 2 by analyzing the interplay of the amplification of the electromag- 
netic field and the gravitational field during the process of gravitational collapse in 
the most simple case, namely in the absence of rotation and of the reduction of the 
metric given in Eq. (Q) from the case of a Kerr-Newman geometry to the case of a 
Reissner-Nordstrom geometry. This enormously simplifies the computation dealing 
with spherical symmetry instead of axial symmetry without losing any aspect of 
the crucial underlying physical process. We shall return to the general case of the 
Kerr-Newman solution if required by GRB observational evidence. 

Therefore the explanation of GRBs in our EMBH model is related to the most 
transient phenomenon occurring in the life of a star: the process of gravitational 
collapse. 

7 The ergosphere versus the "dyadosphere" of a black hole 

The fundamental new points we have found re-examining the previous work of 
Damour and Ruffini (1975)123 can be simply summarized: 

• The vacuum polarization process can occur in an extended region around the 
black hole called the "dyadosphere" , extending from the horizon radius r + out 
to the "dyadosphere" radius r<js- Only black holes with a mass larger than the 
upper limit of a neutron star and up to a maximum mass of 7.2 • 10 6 Mq can 
have a "dyadosphere". 

• The efficiency of transforming the mass-energy of a black hole into particle- 
antiparticle pairs outside the horizon can approach 100%, for black holes in 
the above mass range. 

• The created pairs are mainly positron-electron pairs and their number is much 
larger than the quantity Q j e one would have naively expected on the grounds 
of qualitative considerations. It is actually given by -/V pa i rs ~ ~r n/mc > wnere m 
and e are respectively the electron mass and charge. The energy of the pairs 
and consequently the emission of the associated electromagnetic radiation as 
a function of the black hole mass peaks in the gamma X-ray region. 

Let us now recall the new concept of the "dyadosphere" of an EMBH (named for 
the Greek word dyad for pair) obtained in Preparata, Ruffini and Xue (1998a, b)o 
The "dyadosphere" for a nonrotating Reissner-Nordstrom EMBH (see Fig. |l0|) then 
lies between the radius 

and the horizon radius 

GM 

r + = 
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Q 2 

GAP 



(15) 




plasma (e*e~ y) 



Figure 10. Qualitative features of the vacuum polarization in the "dyadosphere" . The "dyado- 
sphere" can be envisioned as a sequence of concentric capacitors each of thickness 7i/ (m e c). After 
a relaxation time the system thermalizes to an e+e — 7 plasma. 



The number density of pairs created in the "dyadosphere" is 



Q-Qc 



{rds 



-) 



h 

mc 



(16) 



where Q c — 4nr+ m h ^ . The total energy of pairs, converted from the static electric 
energy, deposited within the "dyadosphere" is then 



E 



tot. 



191 

2r + 



1-I± 

?"ds 



1 



r<is 



(17) 



The analogies between the ergosphere and the "dyadosphere" are many and 
extremely attractive: 

• Both of them are extended regions around the black hole. 

• In both regions the energy of the black hole can be extracted, approaching the 
limiting case of reversibility as from Christodoulou and Ruffini (1971)E3 
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• The electromagnetic energy extraction by the pair creation process in the "dya- 
dosphere" is much simpler and less contrived than the corresponding process 
of rotational energy extraction from the ergospherc. 

8 The EM pulse of an atomic explosion versus the PEM pulse of a 
black hole 

The analysis of the radially resolved evolution of the energy deposited within the 
e + e~-pair and photon plasma fluid created in the "dyadosphere" of an EMBH is 
much more complex then we had initially anticipated. The collaboration with Jim 
Wilson and his group at Livermore Radiation Laboratory has been very impor- 
tant for us. We decided to join forces and propose a new collaboration with the 
Livermore group renewing the successful collaboration with Jim in 1974 (Ruffini 
and Wilson 1975) E3 We proceeded in parallel: in Rome with simple almost ana- 
lytic models to be then pzalidated by the Livermore codes (Wilson, Salmonson and 
Mathews 1997,1998).B0 

For the evolution we assvrmedJihe relativistic hydrodynamic equations, for de- 
tails see Ruffini et al. (1998,1999).c3'E3 We assumed the plasma fluid of e + e~-pairs, 
photons and baryons to be a simple perfect fluid in the curved space-time. The 
baryon-number and energy-momentum conservation laws are 

{n B U^ = {ngU 1 )^ + l(r 2 n B U r ), r = , (18) 

(Tp;„=0, (19) 

and the rate equation: 

(n e ±U^ = av[n e -(T)n e+ {T) - n e -n e+ ] , (20) 

where is the four-velocity of the plasma fluid, n B the proper baryon-number 
density, n e ± are the proper densities of electrons and positrons (e^), a is the mean 
pair annihilation-creation cross-section, v is the thermal velocity of the e^, and 
n e ± (T) are the proper number-densities of the e^- at an appropriate equilibrium 
temperature T. The calculations are continued until the plasma fluid expands, 
cools and the e + e~ pairs recombine and the system becomes optically thin. 

The results of the Livermore computer code were compared and contrasted 
with three almost analytical models: (i) spherical model: the radial component of 
the four- velocity is of the form U(r) = U^-, where U is the four- velocity at the 
surface (r = TV) of the plasma, similar to a portion of a Friedmann model, (ii) 
slab 1: U(r) = U r = const., an expanding slab with constant width T> = R in 
the coordinate frame in which the plasma is moving, (iii) slab 2: an expanding 
slab with constant width R% — R\ = R in the comoving frame of the plasma. We 
computed the relativistic Lorentz gamma factor 7 of the expanding e + e~ pair and 
photon plasma. 

Figure ( |l"l| ) shows a comparison of the Lorentz factor of the expanding fluid as 
a function of radius for all the models. One sees that the one-dimensional code 
(only a few significant points are plotted) matches the expansion pattern of a shell 
of constant coordinate thickness. In analogy with the notorious electromagnetic 
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Figure 11. Lorentz 7 as a function of radius. Three models for the expansion pattern of the 
e + e — pair plasma are compared with the results of the one dimensional hydrodynamic code for 
a IOOOM0 black hole with charge Q = 0.1Q max . The 1-D code has an expansion pattern that 
strongly resepbles that of a shell with constant coordinate thickness. Reproduced from Ruflini, 
ct al. (1999).b3 



radiation EM pulse of certain explosive events, we called this relativistic counter- 
part of an expanding pair electromagnetic radiation shell a PEM pulse. Already 
these preliminary figures show the extraordinary features of this PEM pulse and 
its dynamical behavior: in the laboratory frame it develops over a scale of 10 12 cm 
an increase of the Lorentz gamma factor from 7 = 1 to 7 ~ 10 3 . 

We have also computed the collision of the PEM pulse with the baryonic mat- 
ter left over in the process of gravitational collapse of the progenitor star. The 
computation have been carried out using the dimensionless ratio 



B = 



E, 



dya 



(21) 
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Figure 12. Lorentz gamma factor 7 as a function of radius for the PEM pulse interacting with 
the baryonic matter of the remnant (PEMB pulse) for selected values of the baryonic matter. 
Reproduced from Ruffini, et al. (2000) O 



In the collision, the baryonic matter is engulfed by the PEM pulse. A new pulse now 
originates formed of electron-positron pairs, electromagnetic radiation and baryons: 
the PEMB pulse. Such a PEMB pulse expands further to values of the Lorentz 
gamma factor which can be as high as 7 ~ 10 4 (see Fig. |l^). We have followed 
the development of the relevant thermodynamical quantities of the PEM and the 
PEMB pulse during their evolution, both in the comoving and in the laboratory 
frames (see Fig. [l3]) . We have also followed the partition of the initial total energy 
of the "dyadosphere" into the pair-electromagnetic energy of the PEM and PEBM 
pulses and the kinetic energy of the baryons (see Fig. |l4| ). 

The expansion of the PEMB pulse stops as soon as the pulse stops being opti- 
cally thick and the transparency condition is reached. At this point the proper-GRB 
(P-GRB) is emitted.CJ Finally we have plotted as a function of the parameter B 
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Figure 13. The temperature of the electromagnetic energy component of the PEM pulse, for 
r < lOOr^s and of the PEMB pulse for r > lOOr^s are given in the laboratory frame (dotted line) 
and in the comoving frame (solid line). Details may be found in Ref. 



both the kinetic energy of the baryonic matter component and the electromagnetic 
energy of the P-GRB at the moment of transparency (see Fig. |l5| ). 

We then proceeded to develop the basic work to describe the afterglow of GRBs 
(see e.g. Ruffini, et al. 2001).Cj These results of our theoretical model have reached 
the point where they can be subjected to a direct comparison with the observational 
data. We have in fact made the first contact between-pur theoretical work and the 
P-GRB observational features in Bianco et al. 2001. c3 



9 Conclusions 

GRBs offer an unprecedented opportunity to probe entire new domains of physics 
and astrophysics, ranging from high energy particles to the fundamental physical 
laws and field theories in the extreme spacetimes of black holes and for the first 
time to give evidence of an energy extraction process for black holes. 

• GRBs are giving the first evidence for the vacuum polarization process in a 
strong electromagnetic field studied by Sauter-Heisenberg-Schwinger which for 
many years | haa-.beeri. | searched for without success in Earth bound accelera- 
tors (see e.g.c3c§c2lE!J). In order to familiarize the larger scientific community 
of particle physicists with the extraordinary aspects of this EMBH model for 
GRBs, we have suggested an analogy with a high-energy accelerator. All the 
processes described in the previous sections can be visualized as the injector- 
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Figure 14. The pair and electromagnetic energy for the PEM pulse (r < lOOr^) and PEMB pulse 
(r > lOOrds) measured in the laboratory frame are given as a function of the radial coordinate in 
units of the "dyadosphere" radius (solid line). The kinetic energ y of the baryonic matter is also 
given, for r > lOOr^ (dashed line). Details may be found in Ref. W. 



accelerator phase of an enormous accelerator. The injector phase is character- 
ized by the vacuum polarization process leading to the electron-positron pair 
creation. The accelerator phase corresponds to the PEM and PEMB pulse 
phases. Unlike the accelerators on the Earth (CERN, Fermilab, Dubna, etc.), 
where the acceleration process is due to electromagnetic field, in the cosmic 
GRB accelerators the acceleration originates in the positron-electron annihila- 
tion process and in the mean free path of the photons in such a plasma increas- 
ing during the optically thick PEM and PEMB pulse phases. The baryons are 
carried along by this e + e~ and photon plasma. This first phase, the injector- 
accelerator one, terminates with the reaching of the condition of transparency 
at which point the P-GRB and an accelerated baryonic matter (ABM) pulse 
are emitted. Clearly both the Lorentz gamma factor of this ABM pulse and 
the flux are larger then the ones already reached in Earth bound accelerators. 
If we compare with Fig. |l6| where the Lorentz gamma factors of protons at 
CERN are given, we realize that the Lorentz gamma factor of baryonic matter 
accelerated by GRBs (see Fig. |l2|) can be larger then the ones achievable in 
the forthcoming years in the Earth bound accelerators. But the enormity of 
the GRBs accelerators compared to the Earth bound ones is in the differences 
in fluxes, which can be 10 38 times larger in the astrophysical setting than the 
ones on the surface of the Earth. The target of the P-GRB and ABM pulse 
generated in the injector-accelerator phases is represented by the interstellar 
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Figure 15. The energy of the P-GRB in units of the "dyadosphere" energy is given as a function 
of the parameter B (solid line). The dotted line represents the kinetic energy of the baryonic 
component at the transparency point. Details may be found in Ref. 



medium (ISM) and the measuring devices are, in the astrophysical setting, at 
billions light years of distance, on the surface of the planet Earth. It is no 
surprise that a wealth of fundamental observations also in particle physics will 
be obtained from GRBs, in due course. 

• All the computations on the "dyadosphere" we have carried out until now refer 
to an already formed Reissner-Nordstrom black hole. What we need to develop 
in the near future is the theoretical framework for the time varying process of 
the dynamical formation of the "dyadosphere" and the gradual approach to the 
horizon (see Fig. [Tt]) . This time varying evolution can be followed by a sequence 
of PEM/PEMB pulses emitted outside the collapsing core as the radius of 
the "dyadosphere" r^ s is crossed and the horizon radius r + is approached. 
From a preliminary analysis we have evidence that there exists a minimum 
radius r m i n > r + such that for r + < r < r m i n the PEM/PEMB pulses will 
be captured by the black hole, while for r > r m i n the PEM/PEMB pulses 
will propagate out and will carry their information outwardly, encoded in the 
structure of the P-GRB. The analysis of the P-GRB is therefore an essential 
tool for retracing all the general relativistic effects, including the gravitational 
redshift and all the time dilation effects which occur in the approach to the 
horizon of the EMBH. 

• There are enormous differences in the energetics, in the spectra and in the 
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Figure 16. Lorentz gamma factor at CERN over the years. 

time scale of the radiation processes expected from black holes due to the 
Damour-Ruffini process and the Beckenstein-Hawking process. In addition to 
these enormous observational differences, there are also additional conceptual 
differences between these two processes. While the role of the horizon appear 
to be predominant in the Beckenstein-Hawking process, it is clear from the 
computation of the energy extraction process from the "dyadosphere" that 
in the Damour-Ruffini process the role of the horizon in marginal and the 
energy emission occurs in an extended region between the horizon r+ and the 
radius of the "dyadosphere" rd s (see Fig. |o|). In addition, the energetics of 
the energy extraction from black holes is essentially made on the basis of the 
Christodoulou-Ruffini mass-energy formula (see Eqs.([| ||, [5])). There are a 
variety of issues still to be addressed. Among these: 

1. What is the physical nature of the irreducible mass and of the Coulomb 
term in the mass-energy formula? 

2. Why 50% efficiency in the energy extraction proems can be reached in an 
EMBH under the condition of total reversibilitycj? 

3. How the reversibility condition in the Damour-Ruffini process, which oc- 
curs outside the horizon and in the entire "dyadosphere" region, differs 
from the reversibility condition considered by Christodoulou and Ruffini 
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Figure 17. Spacetime diagram of the collapse process leading to the formation of the "dyado- 
sphere" . As the collapsing core crosses the "dyadosphere" radius the pair creation process starts, 
and the pairs thermalize into a neutral plasma configuration. Then the horizon is also crossed 
and the singularity is formed. 



in the energy extraction, which is instead essentially related to the prop- 
erties of horizon? 

In order to answer these basic physics questions related to the energetics of 
black holes we need to find a "gedanken" process which allows us to describe 
continuously the transition from a collapsing core to the final asymptotic for- 
mation of the black hole. In this sense it appears particularly attractive to 
use the mathematical solution of the -Einstein-Maxwell equations obtained by 
Werner Israel and his collaboratorst3E3 for a charged shell collapsing either on 
itself or on an already formed EMBH. It seems very probable that, just like 
the work of Brandon CarterO on the geodesies of Kerr-Newman black holes has 
offered the essential mathematical and "gedanken" transformation tool which 
led us to the Christodoulou-Ruffinita mass formula of black hole, the Israel 
collapsing shell treatment appears to be the mathematical "gedanken" trans- 
formation tool essential in probing the energy extraction process for an EMBH 
(see Fig. |l8|). The Israel formalism also allows us to evaluate the velocity of 
the charged shell as it crosses the "dyadosphere" radius and finally closes in on 
the horizon (see Fig. 19). From the fact that the collapsing core moves inward 
through the "dyadosphere" radius at almost the speed of light, it is then clear 
that the collapse to a black hole, compared to all the other process of grav- 
itational collapse, is the only one which can guarantee the state of baryonic 
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Figure 18. The collapse of two successive charged shells is qualitatively represented. The first 
one gives rise to an EMBH with a given horizon which is further increased by the accretion of 
the second shell. This phenomenon can be described exactly with the analytic equations given in 

Rcf. Ea 

noncontamination in the "dyadosphere" essential to reach the critical value of 
the electromagnetic field. 

10 Some additional results since MGIXMM 

Since this presentation was made, progress have been made in three major topics: 

1. on the structure of the EMBH and on the physics of the "dyadosphere"; 

2. in establishing some new paradigms in the GRB analysis; 

3. in the development of the detailed theoretical model for GRBs and its con- 
frontation with the observations. 

We just recall here some major results: 
1.1) A most outstanding problem confronting mathematical physicists and theo- 
retical physicists in the last 30 years has been the proof of the black hole uniqueness 
theorem (see Fig. 0). The technical point is to decouple the equations describing 
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Figure 19. The qualitative behavior of the velocity of a collapsing shell for selected values of the 
mass of the EMBH and of £. 



the most general set of electromagnetic and gravitational perturbations of a Kerr- 
Newman black hole. Such an analysis, once completed, will undoubtly have far 
reaching consequences, ranging from the microphysical domain of elementary par- 
ticle physics all the_way to the macroscopic phenomena in the black hole domain. 
In Bini et al. (2002)113 some progress towards the solution of the analysis of the most 
general perturbations has been obtained, reducing the equations to the elegant de 
Rham wave equations for the gravitational and electromagnetic fields in vacuum. 
A new version of the Teukolksy Master Equation, describing any massless field of 
spin s = 1/2, 1, 3/2, 2 in a Kerr black hole, is presented there in the form of a wave 
equation containing additional curvature terms. These results suggest a relation 
between curvature perturbation theory in general relativity and the exact wave 
equations satisfied by the Weyl and the Maxwell tensors, known in the literature as 
the de Rham-Lichenorowicz Laplacian equations. These Laplacians are discussed 
both in terms of the Newman-Penrose formalism and in the Geroch-Held-Penrose 
variant for an arbitrary vacuum spacetime. A perturbative expansion of these wave 
equations results in a recursive scheme valid for higher orders. This approach, 
apart from the obvious implications for the gravitational and electromagnetic wave 
propagation on a curved spacetime, explains and extends the perturbative analysis 
results in the literature by clarifying their origins in the exact theory. 
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1.2) Turning now from this general scenario to a more detailed analysis of a 
Reissner-Nordstrom geometry, some-preliminary necessary steps have been accom- 
plished. In Cherubini et al. (2002)Ej we have considered the gravitational collapse 
of a charged spherical shell with selected boundary conditions: either starting from 
infinite distance with zero or nonzero kinetic energy, or imploding from a finite dis- 
tance initially at rest. A new analytic solution has been obtained for such a bound- 
ary condition, corresponding both to a collapse into an already formed EMBH or 
to a collapse in Minkowski space. In both cases we have followed the process of 
gravitational collapse all the way to the self-closure of the shell by the formation of 
a horizon. _ 

1.3) Using this analytic solution obtained in Cherubini et al.(2002)£l3 it has been 
possible to clarify the independent physical components which contribute to the 
formation of the EMBH irreducible mass (Ruffini and Vitagliano 2002)0 Surpris- 
ingly, the irreducible mass does not directly depend on the electromagnetic energy 
of the imploding shell: it is uniquely a function of the initial baryonic mass, of its 
gravitational energy and of the kinetic energy of the implosion. The electromag- 
netic energy is stored around the EMBH and can be extracted by two very different 
processes as a function of the electromagnetic field strength, a) When the electric 
field on the collapsing shell is smaller than-^c, the process of energy extraction oc- 
curs in the effective EMBH ergosphere (E§E3) by a sequence of discrete high energy 
events, with energy up to 10 21 -10 27 eV. Such sources can be of relevance for the 
explanation of the ultra high energy cosmic rays b) When the electric field 
on the collapsing shell is larger than £ c , the conditions relevant to the present arti- 
cle are fulfilled. The energy extraction process occurs in the "dyadosphere" and a 
much larger number of electron and positron pairs are created with typical energies 
of the order of 10 MeV which are relevant for the GRB process considered in the 
present paper. 

Having so established and clarified the basic conceptual processes of the ener- 
getics of the EMBH, we_are now ready, using the new analytic solution found in 
Cherubini et al. (2002) j£3 to approach the dynamical process of vacuum polariza- 
tion occurring during the formation of an EMBH as qualitatively represented in 
Fig. [It]. The study of the dynamical formation of the "dyadosphere" as well as of 
the electron-positron plasma dynamical evolution will lead to the first possibility 
of directly observing the general relativistic effects near the EMBH horizon. 

Turning now to point 2 above, we moved ahead to fit the observational data on 
the basis of the EMBH model. We used GRB 991216 as a prototype, both for its 
very high energetics, which we have estimated in the range of Ea ya ~ 9.57 x 10 52 
ergs, as well as for the superb data obtained by the Chandra and RXTE satellites. 
In order to understand the GRB phenomenon, we found it necessary to formulate 
three new paradigms in our novel approach: 

2.1) The Relative Space-Time Transformation (RSTT) paradigm (see Ruffini, 
Bianco, Chardonnet, Fraschetti, Xue (2001a)Ea). It relates the observed signals of 
GRBs to their past light cones, defining the events on the worldline of the source 
essential for the interpretation of the data. Since GRBs present regimes with 
unprecedently large Lorentz 7 factors, also sharply varying with time, particular 
attention must be given to the constitutive equations relating the four time 
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variables: the comoving time, the laboratory time, the arrival time at the detector, 
properly corrected by cosmological effects. This paradigm is at the very foundation 
of any possible interpretation of the data of GRBs. 

2.2) The Interpretation of the Burst Structure (IBS) paradigm (see Ruffini, 
Bianco, Chardonnet, Fraschetti, Xue (2001b)L3). It also leads to a reconsideration 
of the relative roles of the afterglow and burst in GRBs by defining two new phases 
in this complex phenomenon: a) the injector phase, giving rise to the proper-GRB 
(P-GRB), and b) the beam-target phase, giving rise to the extended afterglow peak 
emission (E-APE) and to the afterglow. Such differentiation leads to a natural 
possible explanation of the bimodal distribution of GRBs observed by BATSE: the 
short bursts and the long bursts. The agreement with the observational data in 
regions extending from the horizon of the EMBH all the way out to the distant 
observer confirms the uniqueness of the model. 

2.3) The Multiple-Collapse Time Sequence (MCTS) paradigm (see Ruffini, Bianco, 
Chardonnet, Fraschetti, Xue (2001c)E3) introducing the concept of "induced grav- 
itational collapse" and "induced supernova explosion" by a GRB. Starting from 
the data from the Chandra satellite on the iron emission lines in the afterglow 
of GRB 991216, the following sequence of events is shown to be kinematically 
possible and consistent with the available data: a) the GRB-progenitor star Pi first 
collapses to an EMBH, b) the proper GRB (P-GRB) and the peak of the afterglow 
(E-APE) propagate in interstellar space until the impact on a supernova-progenitor 
star Pi at a distance < 2.69 x 10 17 cm, and they induce the supernova explosion, 
c) the accelerated baryonic matter (ABM) pulse, originating the afterglow, reaches 
the supernova remnants 18.5 hours after the supernova explosion and gives rise 
to the iron emission lines. Some considerations on the dynamical implementation 
of the paradigm are presented. The concept of induced supernova explosion 
introduced here specifically for the GRB-supcrnova correlation may have more 
general application in relativistic astrophysics. 

Finally, moving to the 3rd problem of the definition of the EMBH model and 
its confrontation with the observations, we just recall: 

3.1) The complete model concerning "the structure of the burst and afterglow of 
gamma ray bursts I: the radial approximation" (see Ruffini et al. 2002) .Ell We 
have presented the entire theoretical background which allowed to formulate the 
three paradigms mentioned in the above paragraphs 2.1, 2.2 and 2.3. We start 
from the considerations on the "dyadosphere" formation. We then review the basic 
hydrodynamic and rate equations, the equations leading to the relative spacetime 
transformations as well as the adopted numerical integration techniques. We then 
illustrate the five fundamental eras of the EMBH theory: the self-acceleration 
of the e + e~ pair-electromagnetic plasma (PEM pulse), its interaction with the 
baryonic remnant of the progenitor star, the further self-acceleration of the e + e~ 
pair-electromagnetic radiation and baryon plasma (PEMB pulse). We then study 
the approach of the PEMB pulse to transparency, the emission of the proper GRB 
(P-GRB) and its relation to the "short GRBs" . Particular attention is given to the 
free parameters of the theory and to the values of the thermodynamical quantities 
at transparency. Finally the three different regimes of the afterglow are described 



mg9remo: submitted to World Scientific on February 2, 2008 29 



within the fully radiative and radial approximations: the ultrarelativistic, the 
relativistic and the nonrelativistic regimes. The best fit of the theory leads to 
an unequivocal identification of the "long GRBs" as extended emission occurring 
at the afterglow peak (E-APE). The relative intensities, the time separation 
and the hardness ratio of the P-GRB and the E-APE are used as distinctive 
observational tests of the EMBH theory and the excellent agreement between 
our theoretical predictions and the observations are documented. The afterglow 
power-law indices in the EMBH theory are compared and contrasted with the ones 
given in the literature, and no beaming process is found for GRB 991216. Finally, 
some preliminary results relating the observed time variability of the E-APE to 
the inhomogeneities in the interstellar medium are presented, as well as some 
general considerations on the EMBH formation. The general conclusions are then 
presented based on the three fundamental parameters of the EMBH theory: the 
"dyadosphere" energy, the baryonic mass of the remnant, and the density of the 
interstellar medium. An in depth discussion and comparison of the EMBH theory 
with alternative theories is presented as well as indications of further developments 
beyond the radial approximation. 

3.2) The unvailing of the physical processes which lie at Ihe bases of time 
variability of GRBs has been developed in Ruffini et al. (2001).Ei3 In this paper we 
relate the observed substructure in the peak of the afterglow to the interaction of 
the ABM pulse with the ISM. It is found that with the exception of the relatively 
inconspicuous but scientifically very important signal originating from the initial 
"proper gamma ray burst" (P-GRB), all the other spikes and time variabilities 
can be explained by the interaction of the accelerated-baryonic-matter pulse with 
inhomogeneities in the interstellar matter. This can be demonstrated by using the 
RSTT paradigm as well as the IBS paradigm, to trace a typical spike observed in 
arrival time back to the corresponding one in the laboratory time. Using these 
paradigms, the identification of the physical nature of the time variablity of the 
GRBs can be made most convincingly. We make explicit the dependence of a) 
the intensities of the afterglow, b) the spike amplitude and c) the actual time 
structure on the Lorentz gamma factor of the accelerated-baryonic-matter pulse. 
In principle it is possible to read off from the spike structure the detailed density 
contrast of the interstellar medium in the host galaxy, even at very high redshift. 

3.3) The proof of the validity of the approximation adopted in 3.1 and 3.2 has 
finally be presented in "On the structure of the burst and afterglow of gamma ray 
bursts II: the angular spreading" (Ruffini et al. 2002). N Using GRB 991216 as a 
prototype, the relativistic angular spreading in the computation of the afterglow 
within the EMBH model is presented. Comparison of the present results with the 
ones based on the radial approximation confirm the validity of the conclusions 
reached within that approximation. It is shown that the intensity substructures 
observed in the extended afterglow peak emission (E-APE) do indeed originate 
in the collision between the accelerated baryonic matter (ABM) pulse with 
inhomogeneities in the interstellar medium (ISM) in a regime with Lorentz factor 
7 ~ 310. The crossing of ISM inhomogeneities of sizes AR ~ 10 15 cm occurs 
in a detector arrival time interval of ~ 0.4 s implying an apparent superluminal 
behavior of ~ 10 5 c. Our results are compared and contrasted with those in the 
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current literature. 



Finally progress toward the establishment of the theorem quoted in section |6| is 
being accomplished and some preliminary results and astrophysical consequences 
are appearing in the proceedings volume Fermi and Astrophysics^ 
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